The luminescence of semiconductor quantum dots (QDs) can be adjusted using the piezotronic effect. An external mechanical force applied on the QD generates a piezoelectric potential, which alters the luminescence of the QD. A small mechanical force may induce a significant change on the emission spectrum. In the case of InN QDs, it is demonstrated that the unforced emission wavelength is more than doubled by a force of 1 μN. The strategy of using the piezotronic effect to tune the color of the emission leads to promising noncontact forcemeasurement applications in biological and medical sensors and force-sensitive displays. Several piezoelectric semiconductor materials have been investigated in terms of the tunability of the emission wavelength in the presence of an external applied force. It is found that CdS and CdSe demonstrate much higher tunability δλ/δF, which makes them suitable for micro/nano-newton force measurement applications.
Introduction
Nanometer-sized semiconductor quantum dots (QDs) have been found to be particularly promising for applications in fluorescence biomarkers [1] . These nanoparticles can be attached to biosamples for both in vitro and in vivo studies. Ever since the first demonstration of using QDs in the biological field, QDs have been successfully applied in various systems including fixed cell labeling, imaging of living cell dynamics, in situ tissue profiling, fluorescence detection, sensing, and in vivo animal imaging [2] [3] [4] [5] . The main advantage of utilizing QDs for biological sensing is the wavelength tunability. It has been reported that the emission wavelength of a QD can be adjusted by several factors including mechanical strain and internal piezoelectric field [6, 7] . The mechanism of externalstrain-induced bandgap change can shift the emission wavelength, but normally a relatively large strain is required to produce a profound bandgap change [8] [9] [10] . Internal piezoelectric potential can effectively tilt the energy structure of the QD, causing a redshift Nano Res. 2018, 11 (4): 1977-1986 known as the quantum-confined Stark effect (QCSE). Studies on the piezoelectric-induced QCSE on semiconductor QDs were reported in Refs. [11] [12] [13] [14] .
QDs have also been extensively researched for use in display/light-emitting applications [15] [16] [17] [18] . There have been several interesting exploitations in applying QDs in electromechanical systems, including a method to detect the positions of the randomly distributed QDs in a solid photonic structure, where it was found that the emission frequency was highly sensitive to mechanical stress [19] . Stress-induced performance changes in CdS nanocrystals were reported in Ref. [20] . Semiconductor QDs were embedded in electromechanical resonators in Ref. [21] . It was stated that the wavelength tunability would become a fundamental requirement for a number of new applications [22] , which promoted the research and development on integrating QDs with electromechanical devices. The recent research concepts on piezotronics and piezophototronics [23] [24] [25] , proposed by Z. L. Wang, seamlessly connected the piezoelectric effect with micro-and nanoelectronic devices and systems, creating various new devices in the areas of sensors and mechanical-to-electrical energy harvesting [26] [27] [28] [29] [30] [31] . In addition, the piezoelectric effects on the luminescence of various material systems were recently reported in Refs. [32] [33] [34] . The application of piezotronics in QDs offers a new cluster of adjustable/tunable light-emitting devices.
With the increasing interest in implementing QDs in biological sensing systems, conducting a systematic investigation on the piezoelectric controllability of QDs made of various semiconductor materials is becoming highly important. Figure 1 depicts a schematic graph of a cuboidal QD subjected to external forces (shown by arrows). It is noted that this method is nondestructive, and it does not require any associated electronics. In this work, we study the wavelength tunability of a range of QDs, in terms of the piezotronic effect. An example, an InN QD, is used to demonstrate the method. Eight other materials are analyzed in terms of the wavelength tunability. The results reveal that some materials such as CdS have much higher wavelength tunabilities than other semiconductor materials. 
Method
The effective energy E QD of the semiconductor QD consists of the bulk bandgap energy E g , confined electron and hole energies, E e and E h , excitonic binding energy E ex , and the piezoelectric potential E p , as follows 
The mechanical strain on the QD generates a piezoelectric potential that is governed by the piezoelectric Nano Res. 2018, 11 (4): 1977-1986 equation: 
where A is the area of the surface of the cube. The excitonic emission may play a dominant role at a low temperature. At room temperature, the electron thermal energy k B T normally exceeds the exciton binding energy, annihilating the excitons, and subsequently, reducing the luminescence intensity at the wavelength of the excitonic emissions [36] . The experimental results in Ref. [37] reported a significant enhancement in the luminescence by current injection, for InGaN/GaN QDs. In addition to the ground energy bandgap that defines the energy/wavelength of the emitted photons, another important factor affecting the luminescence is the intensity, which is determined by the number of available free electrons. The piezoelectric effect generates space charges from the mechanical strain. As the emission process is an inelastic electron-photon interaction, both the wavelength and the intensity of the luminescence can be expressed by the quantum optics theory, which is [38] 
where R h-l is designated as the transition rate of the electrons moving from higher states in the conduction band to lower states in the valence band. 
The total emission R T for a specific photon energy is the sum of all energy levels separated by this photon energy, that is
where E g is the bandgap for the bulk material. For the case of QD, as it is quantum mechanically confined in three dimensions, the 0D DOS is given by the Lorentzian equation
where /   expresses the width of the Lorentzian at half its peak value (full width at half maximum, or FWHM). The coupling between the photon and the electron within the QD /     . Here, the  is considered to be 11 meV, for demonstration purposes. Combining Eq. (3) with Eq. (4) and Eq. (6), the analytical expressions for the total emission rates for the QD can be obtained as
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where the integral has the maximum range of max
and n is the carrier density. min  can be obtained using the high-temperature limit for a three-dimensional electron gas
are conducted numerically according to the above procedure to finally arrive at the correct values for the chemical potentials to be used in Eq. (7).
Results and discussion
A typical piezoelectric semiconductor QD, the InN cuboidal QD, is chosen with a half-length of 50 nm, and is schematically shown in Fig. 1 . It is compressed by a mechanical force F m , and positive charges and negative charges are accumulated at the right and left sides, respectively. InN is a member of the group III nitrides, which are known to have large piezoelectric constants, for example e 31 = −0.57 C/m 2 for InN, −0.22 and −0.49 C/m 2 for GaN, and −0.58 and −0.6 C/m 2 for AlN [40] . Compared to AlN and GaN, InN has a relatively narrow bandgap (1.89 eV in bulk), and is expected to emit visible red light. In the simulation, the effective electron mass is chosen as 0.11m 0 , and the effective hole mass is chosen as 0.63m 0 , where m 0 is a single electron mass. The relative dielectric constant of InN is taken as 15.3, and the piezoelectric constant d 31 is designated as −1.1 × 10 −12 C/N. The refractive index n r is fixed at 3 [41] .
For F m varying from 0 to 0.5 μN, the piezoelectric potential inducing a quantum Stark effect is shown in Fig. 2 ; it narrows the bandgap by E p (Fig. 2(a) ). This means that the emission spectrum can be shifted to the infrared regime (630-1,800 nm) under the piezoelectric potential. It is also demonstrated that the maximum intensity increases on increasing the mechanical force (Fig. 2(b) ).
Further analyses are performed with regard to the intensity spectrum for each applied mechanical force. The results are displayed in Fig. 3 , where a clear redshift (emission wavelength increases from approximately 656 to 683 nm) corresponds to an increasing force (from 0.05 to 0.23 μN). As a result of increasing the number of electrons and holes by the piezotronic effect, the amplitude of the emission increases. When the excitonic effect is taken into consideration, a further redshift is introduced because of the subtraction of the exciton binding energy. Calculations are conducted for the excitonic emissions for the case of the piezoelectric potential. The density of the excitons is fixed at 1.6 × 10 21 m −3 . Figure 4 shows the results of two situations, i.e., excitonic and nonexcitonic luminescence. For the excitonic luminescence, photons are emitted based on the recombination of excitons. The bandgap in this case is narrower than that of the nonexcitonic emissions. Because the excitonic emissions are dominant at lower temperatures, the nonexcitonic emissions are important for quantum piezotronic devices at room temperature or higher temperature applications. Figure 5 shows the luminescence in the chromaticity coordinate. The intensity spectrum distribution of Fig. 3 is mapped onto the standard CIE chromaticity diagram. It is seen that the QD luminescence can be adjusted using the piezotronic effect. For the InN QD case, the emission is mainly in the red region. On further increasing the piezoelectric potential, infrared emissions will be generated because of the stronger QCSE.
The piezotronic effect on QDs creates a new type of quantum piezotronic device, which can adjust the luminescence of the QD in terms of both spectrum and intensity. The wavelength of the emission can be adjusted by the piezoelectric potential. For the case of InN QD, the wavelength of the emission increases approximately from 650 to 1,800 nm, when subjected to a force up to 1 μN. The intensity of the emission can also be adjusted by the piezoelectric charges.
We also investigate the tunability of the emission wavelength subjected to an external applied force for various piezoelectric semiconductor QDs. Nine typical piezoelectric semiconductor materials in the II-VI, II-V, and III-V categories, which are popular for designing QDs, are studied, and all of these have direct bandgaps. Their electronic properties are used in the calculations, such as bandgap E g , effective mass (electron m e and hole m h ), relative permittivity ε r , and piezoelectric constant d 31 (note that, for some materials, only e 31 is available; d 31 is derived using 31 31
, where Y is the elastic modulus of the material). It is also worth to state that the effective heavy hole mass is used in the analysis. The calculation considers only the first set of resonant peaks. The results (shown in Table 1) reveal that the wavelength tunability of CdS, CdSe, and InAs are one to two Nano Res. 2018, 11 (4): 1977-1986 orders of magnitude higher than that of the rest of the materials, which is predominantly because of the electronic properties such as large piezoelectric constant and smaller relative dielectric constant.
Further analyses, shown in Table 2 , summarize the relations among the wavelength tunability, stress, and strain. It is assumed that 1 nN force is exerted on the surface of the dot, inducing 100 kPa. The sensitivity in terms of stress is listed in the third column, which is directly proportional to δλ/δF. It is reasonable to conclude that some materials such as CdSe and CdS are better candidates for practical applications, because they are able to detect pressures less than one atmosphere. It is worth mentioning that mechanical strains generated from several nN are very small (~ 10 -4 %), and cannot lead to noticeable bandgap variations because of the very small changes in the Table 2 . Another study showed that the bandgap of the CdS thin film started to decrease when the strain was above 1% [71] , which was much larger than the strain values due to the piezotronic effect. Previous experimental reports described a large redshift in the luminescence of GaN quantum wells due to the piezotronic effect [63, 72] . It was reported that a pronounced redshift of the energy gap was induced by nN forces, for the CdSe/CdS tetrapods [73] . Experiments showed a redshift of approximately 0.005 nm/MPa for the CdSe-CdS nanocrystal [74] . Subnanometer wavelength changes could be measured using interferometers, and established experiments demonstrated 0.001 nm resolution in the 500 nm band and 0.01 nm resolution in the 1,550 nm band [75] . Piezoelectric potential alters the luminescence of the QD under pressure or force. Therefore, we can only consider the piezoelectric d 31 component of the piezoelectric coefficient under a uniaxial compressive force. A uniaxial tensile force will lead to similar results as the amplitude of the piezoelectric potential is the same as that under a compressive force. For a biaxial force, the piezoelectric potential will be calculated using the piezoelectric coefficient matrixes of different QDs. This paper proposes the idea of controlling the luminescence spectrum by using the Nano Res. 2018, 11 (4): 1977-1986 piezotronic effect. The effect of carrier density and surface depletion of the piezoelectric potential will be considered in our future works. The piezotronic effects on the 1D nanowires are reported in the following references: Ref. [72, [76] [77] [78] . The device concept can be applied in the form of pressure sensors, which will be coated on small-scale features such as cells or miniaturized devices. To implement the concept, possible fabrication procedures include printing or spin-coating a layer of pressure-sensitive material, e.g., CdSe QDs, onto the surface exposed to external forces. A passivation layer will normally be needed to protect the QD layer from being delaminated/ damaged by any direct-contact force.
Conclusions
The adjustability of the luminescence of semiconductor QDs was demonstrated through a quantum mechanical analysis using the piezotronic effect. For InN, a group-III nitride materials, the bulk band gap was substantially tuned by the QCSE because of the piezoelectric potential. The emission spectrum could span from red to infrared with a small mechanical force. The intensity could also be adjusted by the induced piezoelectric charges. The emission spectrum could be tuned by the piezoelectric potential, for both low-temperature and room-temperature cases. The piezoelectric semiconductor materials widely used for engineering QDs were analyzed with regard to their wavelength tunability. The calculation results showed that CdS had much higher δλ/δF, when compared to other materials.
